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Objective: To correlate degenerative changes in cartilage and subchondral bone in the third carpal bone
(C3) of Standardbred racehorses with naturally occurring repetitive trauma-induced osteoarthritis.
Design: Fifteen C3, collected from Standardbred horses postmortem, were assessed for cartilage lesions
by visual inspection and divided into Control (CO), Early Osteoarthritis (EOA) and Advanced Osteoar-
thritis (AOA) groups. Two osteochondral cores were harvested from corresponding dorsal sites on each
bone and scanned with a micro-computed tomography (CT) instrument. 2D images were assembled into
3D reconstructions that were used to quantify architectural parameters from selected regions of interest,
including bone mineral density and bone volume fraction. 2D images, illustrating the most severe lesion
per core, were scored for architectural appearance by blinded observers. Thin sections of parafﬁne
embedded decalciﬁed cores stained with Safranin O-Fast Green, matched to the micro-CT images,
were scored using a modiﬁed Mankin scoring system.
Results: Subchondral bone pits with deep focal areas of porosity were seen more frequently in AOA than
EOA but never in CO. Articular cartilage damage was seen in association with a reduction in bone mineral
and loss of bone tissue. Histological analyses revealed signiﬁcant numbers of microcracks in the calciﬁed
cartilage of EOA and AOA groups and a progressive increase in the score compared with CO bones.
Conclusion: The data reveal corresponding, progressive degenerative changes in articular cartilage and
subchondral bone, including striking focal resorptive lesions, in the third carpal bone of racehorses
subjected to repetitive, high impact trauma.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a characterized by ﬁssures and erosion of
articular cartilage combinedwith osteophytosis, sclerosis, and cysts
in the subchondral bone. Microcracks in the calciﬁed tissues have
also been observed in naturally occurring OA in humans1, following
joint impact trauma in animal models2,3 and in equine joint dis-
ease4e8. This structural change may enhance cellular activity
leading to increased bone remodeling9,10. Although the interplay
between altered biomechanical and cellular signaling in articular
cartilage and subchondral bone promotes joint tissue degeneration,
there is no consensus regarding the initiating events11.: S. Laverty, Département de
Université de Montréal, C.P.
þ1-4507788100.
), sheila.laverty@umontreal.ca
s Research Society International. PAn early decrease in subchondral bonemineral density occurs in
acutely induced animal models of OA12e15, with a rebound increase
observed in longer duration studies16e19. These observations
suggest an important role for early subchondral bone changes in
rapidly progressive experimental OA butmay not reﬂect the clinical
situation where OA progresses slowly over many years. In a guinea
pig model of naturally occurring OA, subchondral bone changes
occurred before alterations in articular cartilage20.
The racehorse is an athlete that serves as a model for naturally
occurring, repetitive impact trauma-induced OA. Human athletes
that engage in strenuous sports also suffer from occupational-
induced repetitive compression trauma OA. Examples include OA in
soccer players ‘knees and ballet dancers’ ankles21,22.
Osteochondral lesions, bothOA and fractures, occur frequently on
the dorsal aspect of the third carpal cuboidal bone (C3) in race-
horses23e27. C3 is subject to repetitive compression forces during
strenuous exercise that induce changes in both the articular cartilage
and subchondral bone. Fibrillation and loss of cartilage proteoglycanublished by Elsevier Ltd. All rights reserved.
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graphic sclerosis29, increased bone mineral density30,31 and
increased stiffness also arise in the subchondral bone32.
Recent advances in micro-computed tomography (CT) tech-
nology have enabled quantiﬁcation of bone architectural parame-
ters from 3D reconstructions of high resolution non-destructive
imaging of bone10,33,34.In the current study we correlated micro-CT
assessment of subchondral bone architecture and compositionwith
histological analysis of overlying cartilage in the C3 bone of equine
athletes at varying stages of OA.Method
Tissue procurement
Tissue was harvested from racing Standardbred horses at a local
abattoir. The history of a prior racing career was determined by the
presence of a racing shoe and/or a tattoo. Palpation of the carpal
joints was performed to detect effusion and age was estimated by
teeth examination35. Limbs were refrigerated at þ4C until harvest
of C3, within 10 h of death.Macroscopic assessment of C3 articular surface
The greatest length andwidth of themacroscopic cartilage lesion
was measured and the product was employed to estimate lesion
area. The lesions were scored as: Control (CO), no visible lesions on
the articular surface; Early Osteoarthritis (EOA), ﬁssures and/or
partial thickness erosions in an area 100 mm2: or Advanced
Osteoarthritis (AOA), with partial to full thickness erosions orFig. 1. Illustration of macroscopic appearance of the proximal articular surface of the third
bone and the corresponding histological slide (Safranin O fast green stain-SOFG) from the CO
lesions; the subchondral bone pits (white arrow heads) are shown on the micro-CT images. N
In the early OA histological section, although the cartilage appears normal, some cracks are
cartilage is observed. Underlying bone pathology was not suspected from surface inspection.
staining and a ﬁssure is present in the cartilage as well as under it. Extensive underlying b
present deep in the bone. Large trabecular spaces, probably due to remodeling, are also prulcerations in an area 100 mm2 (Fig. 1). This terminology was
selected based on a recent report conﬁrming that cartilage lesions
increase in size with progression of OA36. Limb harvest was
continued until ﬁve specimens were identiﬁed in each group. Mean
(SD) age of animals was: 6.61.6 years (CO), 5.6 2.0 years (EOA)
and 5.0 2.1 (AOA). They included three females and two geldings
in the COGroup, two females, onemale and two geldings in the EOA
group, and three females and two geldings in the AOA group.
Two 1 cm diameter osteochondral cores were harvested (Fig. 2).
Core 1 was removed from the classical location for OA in this bone
and Core 2 from a site that is rarely affected. The dorsal aspect of
each core was notched to facilitate orientation (Fig. 2) and ﬁxed in
4% paraformaldehyde for 24 h at þ4C, rinsed and stored in PBS
at þ4C until micro-CT imaging.Micro-CT analysis
The specimens were scanned using a Skyscan 1172 (Skyscan,
Antwerp, Belgium). (Supplementary data online)Qualitative micro-CT analysis
Micro-CT visual assessment score
2D reconstructions, based on the most severe bone lesion per
core, were examined (two readers) to identify a pattern of bone
degenerative changes for a consensual structural score: Score 1:
absence of surface irregularities; Score 2: surface irregularities and
pits, sometimes associated with focal porosity in subchondral
bone; Score 3: surface irregularities and pits with marked focal
porosity throughout the full depth of subchondral bone (Fig. 2).carpal bone (C3), micro-CT image from the most severe lesion in core 1 from the same
group, EOA group and AOA group. Black arrows indicate sites of focal articular cartilage
ote focal patches of remodeling porosity under and peripheral to the subchondral pits.
present in the mineralized cartilage. A focal loss of subchondral bone with presence of
In the AOA section the articular cartilage surface is minimally eroded but there is loss of
one pathology and remodeling are visible. An island of cartilage (grey arrow head) is
esent deeper in the bone.
Fig. 2. Micro CT assessment of harvested specimens. Core harvest: (A) Proximal articular surface of C3 illustrating the location of cores 1 and 2 in the radial fossa from a specimen
with an advanced OA lesion. (B) Latero-medial view of a core with dorsal notch (white arrow) for orientation purposes. Structural score: This was an overall subjective score for
structural changes in the most severe section on micro-CT. (A) Score 1:absence of articular surface irregularity; (B) Score 2: absence of irregularities and pits at the articular surface
of the subchondral bone with or without moderate focal porosity of the underlying subchondral bone and (C) Score 3: irregularities and pits at the articular surface of the sub-
chondral bone with marked concomitant focal porosity throughout the full depth of the core. ROIs: Quantiﬁcation: Illustration of ROI where bone morphometric parameters were
assessed on micro CT 2D reconstruction of samples with (A) and without (B) pit. In the absence of a pit 3 ROI were deﬁned, a dorsal ROI (D) between the dorsal edge and the middle
of the core, a central ROI (C) in the middle of the core and a palmar ROI (P) between the middle and the palmar edge. In presence of a SubCondral Bone (SCB) pit 5 ROI were selected.
The ROI L is centered in the SCB immediately below the pit, two adjacent perilesional ROI in the dorsal (DPL) and palmar aspect (PPL) of the lesion were evaluated. Two remote
perilesional ROI one dorsal (DR) and palmar (PR), 1 mm from ROI L were also studied.
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employing the atlas with designated consensual score.
Quantitative micro-CT analyses
Regions of interest (ROI) were identiﬁed for quantitative analyses
and included: D, dorsal; C, central; P, palmar; L, lesion; DPL, dorsal
perilesional; PPL, palmar perilesional sites. Two remote perilesional
ROIs, one dorsal (DR) and palmar (PR), 1 mm from ROI L were also
studied (Fig. 2). Parametersmeasured included bonemineral density
(BMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
spacing (Tb.Sp) and number (TbN), fragmentation index (Tb.Pf),
structure model index (SMI) and degree of anisotropy (Da).
Histological analyses of articular cartilage and subchondral bone
Specimens were decalciﬁed in 10% EDTA, embedded in parafﬁn
and sectioned at 4 mm, to correspond to the 2D micro-CT recon-
structions. Safranin O stained sections were assessed by two blin-
ded observers for degenerative changes using a modiﬁed Mankin
grading system37 (Supplementary data online. (Table. 1)). The
number of cracks in the calciﬁed cartilage and pits in subchondral
bone were also counted (over 1 cm length).
Statistical analysis
Micro-CT visual assessment score
Inter-observer agreement was assessed employing a Kappa
coefﬁcient. A Kruskal-Wallis test examined differences in scores
between the groups (CO, EOA, AOA).
Quantitative micro CT analyses
Mean Micro-CT ROI values from the three sites (C, D and P) in
the CO group were compared using a repeated-measures linear
model, with ROI (three levels: C, D and P) and core sample (dorsal
and palmar cores) as within-subject factors.
The EOA and AOA groups were also compared using a repeated-
measures linear model, with ROI (four levels: L, DPL, PPL and R) as
within subject factors and disease status (EOA and AOA) as
between-subject factors.
ROIs C and L were compared in the three groups using a linear
model with disease status (three levels) as between-subject factors.
A priori contrasts between pairs of means were conducted with
a Bonferroni sequential adjustment procedure to ensure a family
wise level of statistical signiﬁcance at the set alpha level. Tukey’s
post hoc tests were also used for unplanned comparisons.
Comparison Core 1 and core 2
A priori contrasts with the Bonferroni adjustment procedure
were also used to compare the mean Micro CT quantitative
parameters of ROIs C or L of core 1 and core 2 in each group.
Histological analyses of cartilage and subchondral bone
Intra-class correlation coefﬁcients for histological scores were
also assessed. Histological score difference between groups was
analyzed using a KruskaleWallis test. The median number of cracks
in the calciﬁed cartilage was compared between the three groups
and also the combined OA groups (EOA and AOA) and the CO group
with a Mann-Whitney test. The prevalence of pits in the SCB was
compared between CO group and the combined OA groups with an
exact chi-square test.
Correlations between cartilage and bone changes
Associations between the cartilage macroscopic and histological
scores and Micro-CT visual assessment scores, quantitative dataand calciﬁed cartilage crack numbers were investigated employing
Spearman non-parametric correlations.
A level of P< 0.05 was considered statistically signiﬁcant. SAS v.
9.2 (Cary, N.C.) was employed to perform the statistical analyses.
Results
Synovial distensionwas noted in four of ﬁve of the joints that fell
into the AOA group but not in any of the other joints.
Macroscopic assessment of C3 articular surface
The C3 articular surface in the CO groupwas smooth,whereas the
EOA group exhibited partial thickness erosions of 44 42.8 mm2
(mean SD) and the AOA group had partial and/or full thickness
erosions or ulcerations of 178.6 40.1 mm2 (Fig. 1).
Micro-CT analysis
Qualitative micro-CT analysis
There was a high level of inter-observer agreement for scores of
visual assessment of the 2D micro-CT reconstructions (kappa coef-
ﬁcient ranging between 0.85 and 0.92). The mean scores of the core
SCB architecture in 9/10 specimens (cores 1 in CO and cores 2 in CO,
EOA and AOA) were considered to be of homogeneous density
without visible structural change (Supplementary data online:
Table 2). No signiﬁcant differences were observed between Cores
1 and 2 in the CO group or between Cores 2 in all three groups.
A signiﬁcant heterogeneity (P¼ 0.006) was identiﬁed in scores
from cores 1 among groups and postehoc tests revealed a statisti-
cally signiﬁcant difference between scores in the CO and AOA
groups. Irregularities of the articular surface, subchondral pits and
porosity were a feature of Core 1 in AOA specimens and although
not statistically signiﬁcant, were also observed in the EOA group. An
area of focal porosity in the underlying bone was typically associ-
ated with subchondral bone pits (Figs. 1 and 2).
Bone loss, with increasing severity of OA, was also observed on
volume rendered models of bone structure (Fig. 3).
Quantitative micro-CT analysis (Core 1)
Results of the Micro-CT quantitative analyses are illustrated in
Fig. 4 (Supplementary data Online. Table 3).
Within group comparisons
There were no statistically signiﬁcant differences in any of the
bone parameters assessed between the three ROI sites within the
CO or EOA groups.
Statistically signiﬁcant differences in bone parameters between
ROI sites were noted within the AOA group alone. Furthermore,
they occurred uniquely between the ROI site below the lesion (L)
and the remote sites (R) and included: a lower BMD (P¼ 0.001)
below the lesion [Fig. 4(A)], a lower BV/TV (P¼ 0.003) [Fig. 4(B)],
a higher TbSp (P¼ 0.002) [Fig. 4(E)] and a lower TbTh (P¼ 0.001)
[Fig. 4(F)] when compared to the remote sites in the AOA group.
Trabecular number (TbN)(mm-1), SMI, and Fragmentation Index
(Tb.Pf)(mm-1), Degree of anisotropy (Da)
No statistically signiﬁcant differences were detected for these
parameters within groups (Fig. 4C, D, E and H).
Intergroup comparisons
As there were no statistically signiﬁcant differences in any of the
bone parameters assessed between the three ROI sites of the CO
group, the mean value was chosen for the subsequent intergroup
Fig. 3. Volume-rendering (upper panel) and 3D (lower panel) models of bone structure located in the central ROI (C) of CO group and ROIs L of EOA and AOA groups. Volume model
and 3D model were generated when loading dataset images inside of each ROI in CTVox and CTVol respectively. The boundaries of ROI were shown as the purple clip boxes in
volume models whereas bone is the white objects within. Different colors (brown, blue and green) are applied to the 3D models of bone structure within aforementioned ROIs.
There is an obvious trend of increased bone loss and lack of connectivity from CO to AOA (left to right).
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on intergroup comparisons (CO, EOA and AOA).
Quantitative micro-CT analysis: Core 1 and Core 2 comparisons
No statistically signiﬁcant differences were detected in the CO
group or the EOA group between cores 1 and 2. In the AOA group
the BMD (P¼ 0.02), BV/TV (P¼ 0.016) and Tb.Th (P¼ 0.02) were
signiﬁcantly lower in core 1 when compared to core 2 but the Tb.Sp
was signiﬁcantly higher (P¼ 0.0006) (Supplementary data online
Table 3).
Histological analysis of articular cartilage
There was a good intra-class coefﬁcient of variation (71%) for the
mean histological scores between observers.
Histological score
Representative histological images of specimens in different
groups with a description of typical lesions are provided in Fig. 5
(AeG). The total histological score was signiﬁcantly increased
(P¼ 0.02) in the AOA groupwhen compared to the CO group in Core
1, but not when compared to the EOA group (Fig. 6).
Correlations between cartilage and bone changes
There was a signiﬁcant positive correlation between the artic-
ular cartilage macroscopic and histologic scores and the micro-CT
visual assessment score (bone structure) in Core 1; r¼ 0.84;
P< 0.001 and r¼ 0.76, P< 0.001 respectively.
Signiﬁcant negative correlations were identiﬁed between the
cartilage macroscopic score and BMD (r¼0.55; P¼ 0.03) and
BVTV (r¼0.61; P¼ 0.02) and a positive correlation with TbSp
(r¼ 0.76; P¼ 0.002).
Associations between cartilage histological scores and micro-CT
quantitative bone parameters are illustrated in Fig. 7 (AeH). There
was a signiﬁcant negative correlation between histological scoresand BV/TV (r¼0.69, P¼ 0.005) [Fig. 7(B)] but a positive correla-
tion with Tb.Sp (r¼ 0.82, P< 0.001)[Fig. 7 (E)].
Calciﬁed cartilage microcracks
One core from the AOA Group was excluded from the calciﬁed
cartilage crack count due to a large zone of ulceration of the
cartilage on the section. The cracks were oblique and oriented at
30 and often localized close to the tidemark [Fig. 5(G)]. They were
less frequent in the CO group in comparison to EOA and AOA groups
(Supplementary data online: Table. 4). In EOA and AOA groups
cracks occasionally entered the SCB [Fig. 5(E)] and a coalescence of
the cracks was observed. In some specimens the articular cartilage
appeared to be collapsed, probably due to the coalescence of many
cracks (Fig. 5D, F and G).
There was signiﬁcantly greater (P¼ 0.04) number of cracks in
the combined OA (EOAþAOA) groups in comparison to the CO
group.
Correlations
There was a signiﬁcant positive correlation (r¼ 0.52; P¼ 0.03)
between the cartilage macroscopic score and the number of calci-
ﬁed cartilage cracks. There was also a trend (r¼ 0.50; P¼ 0.08) for
a correlation between the cartilage histological score and the
number of microcracks.
Histological analysis of subchondral bone
SCB pits were observed in 10 of 15 Core 1 specimens. The
number of pits was signiﬁcantly greater (P¼ 0.04) in the combined
OA groups compared with the CO group (Supplementary data
online: Table. 4).
Subchondral bone resorption was observed below some of the
pits and appeared to be organized in the vertical axis of the core
[Fig. 5 (D, E and G)]. The lacunae appeared to be oriented towards
the tidemark so that there was a progressive loss of continuity and
Fig. 4. Results of micro-CT quantitative analyses of bone morphometric parameters from ROIs from core I in CO (C), early OA (EOA) and advanced OA (AOA) groups. Bone parameters
assessed included BMD, BV/TV, SMI, TbSp, TbTh, TbN, TbPf and Da. D¼Dorsal ROI, C¼ Central ROI, P¼ Palmar ROI, DPL¼Dorsal perilesional ROI, L¼ Lesional ROI, PPL¼ Palmar
perilesional ROI, R¼ dorsal or palmar ROI (see Fig. 2). The boxes deﬁne the twenty-ﬁfth and seventy-ﬁfth percentile with a line at the median. Whiskers deﬁne the maximum and
minimum values. Statistically signiﬁcant differences are illustrated. (see also Supplementary data online e Table 3).
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appeared to occur more frequently in the EOA and AOA groups.
A loss of the tidemark continuity was observed and subchondral
bone was replaced by cartilage in some cores of both EOA and AOA
groups [Fig. 5(G)]. In some specimens an intact articular cartilage
surface on histological slides masked the presence of obvious pits(visible on matched Micro-CT sections). Pits contained cartilage
with chondrocytes and proteoglycans stained with SOFG replacing
large areas of bone resorption. Fibrous tissue and chondrocytes
were also observed in these defects. Areas of bone resorption and
the presence of osteoclasts in the periphery of resorptive lacunae
were also detected [Fig. 8(A and B)].
Fig. 5. Histological sections of specimens with different lesion scores stained with Safranin O fast green (AeI) to illustrate pathological ﬁndings. A e CO sample, the red coloration of
the hyaline cartilage, reﬂecting proteoglycan content, is homogenous and the surface of the cartilage is smooth. The SCB bone structure appears regular. B e EOA. A small vertical
crack is present in the calciﬁed cartilage just above the tidemark. C e EOA. Multiple vertical cracks at 30 obliquity in the calciﬁed cartilage above the tidemark. D e EOA. This
section illustrates an example of coalescence of the cracks in the calciﬁed cartilage. The calciﬁed cartilage is lost, the overlying hyaline cartilage has reduced proteoglycans (loss of
staining), a reduced thickness (erosion) is diffusely hypocellular and clones are present at the periphery of the changes. There appears to be an increase in the number and size of
bone lacunae under the pits. E e A large vertical crack running through hyaline cartilage, calciﬁed cartilage and subchondral bone is present (right side of the picture) and a focal
total thickness ulceration is present (left side of the picture). F e Discontinuity in the calciﬁed cartilage zone and the subchondral bone. The overlying hyaline cartilage has reduced
proteoglycans compared to adjacent normal cartilage. The pit contains cartilage, either an attempt at healing or a result of collapse into the pit. The articular cartilage surface is
irregular and a focal subchondral bone porosity is present. G e This core has a large area of focal porosity underlying an area with islands of cartilage inside in the subchondral bone
defect. (G2) The overlying articular cartilage has reduced staining but only a single crack or ﬁssure without loss of articular cartilage (no erosion). A loss of calciﬁed cartilage is
centered over the bone lesion. Cracks in the calciﬁed cartilage, with approximately 30 oblique angles are present dorsal and palmar aspect to the lesion (G 1 and 3).
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Using a combination of micro-CT and histochemical assessment,
focal microstructural changes were identiﬁed in the calciﬁed carti-
lage and underlying subchondral bone in equine naturally occurring
repetitive trauma OA. The defects include calciﬁed cartilage cracks,Fig. 6. The total histological scores from cores 1 of the different groups. There is a
statistically signiﬁcant difference in the histological scores between the CO groups and
advanced OA groups. The boxes deﬁne the twenty-ﬁfth and seventy-ﬁfth percentile
with a line at the median. Whiskers deﬁne the maximum and minimum values.focal pits extending through the calciﬁed cartilage and underlying
subchondral bone in addition to striking areas of vertically oriented
resorptive remodeling in the subchondral cancellous bone, deep to
the pits. Microstructural changes deeper in the bone, below the pits,
were conﬁrmed on micro-CT morphometric measurements that
revealed a lower bonemineral density, bone volume, and trabecular
thickness but a greater trabecular spacing when compared to
remote sites in the advanced OA specimens. Importantly, the sub-
chondral bone changes correlated with the cartilage lesions,
providing additional evidence that the subchondral bone is involved
and plays a role in the pathogenesis of naturally occurring repetitive
impact OA.
A lower bone mineral density due to hypomineralisation of the
subchondral bone and an increase in the spacing between trabec-
ulae, indicating trabecular erosion, has also been previously iden-
tiﬁed by other investigators in human OA tissues10,38. Conversely,
however, the bone volume and trabecular thickness increased in
most studies of human OA specimens10,33,38 and may reﬂect the
longer trajectory or different pathogenesis of primary human OA.
Bone mineral density and structure have previously been
investigated in osteoarthritic equine metacarpi employing clinical
CT39,40. Focal resorptive lesions and a heterogeneous subchondral
bone were also observed39. The study herein, using much higher
resolution micro e CT to study C3 microarchitecture, conﬁrms and
extends these previous observations, but in a different joint. Stover
has previously illustrated similar, but milder, pathology in a C3
bone on microradiographs41.
It has been known for some time that adaptive changes occur in
the subchondral bone of equine C3 due to the high cyclic strains of
Fig. 7. Correlations between the histological score and the micro-CT quantitative bone parameters and the number of microcracks in core 1. (A) BMD, (B) BV/TV, (C) TbN, (D) SMI,
(E) TbSp, (F) TbTh, (G) TbPf, (H) Da, (I) number of microcracks counted on histological sections. P values are indicated on ﬁgure when statistically signiﬁcant or illustrating a trend.
The diamonds represent the different specimens (White¼ CO, Grey¼ EOA and Black¼ AOA). .
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Fig. 8. Histological section of a core from an EOA sample stained with HES (A). Some lacunae contain ﬁbrous tissue and osteoclasts (arrow) in (B).
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increased bone stiffness5,32 and mineral density5,30,32,42. Yet, it is
unclear how these adaptive changes are linked to the chon-
droosseus changes described here. Radiolucencies within dorsal
sclerotic areas in C3 are associated with lameness in racehorses43
and probably correspond to the calciﬁed tissue remodelling
events illustrated here with micro-CT.
In the current study, osteoclasts were observed in resorptive
lacunae in some of the specimens. There is limited knowledge on
the role of osteoclasts in OA. Subchondral bone resorption pits, with
enhanced metalloproteinase expression, have been observed to cut
through calciﬁed cartilage and postulated to contibute to hyper-
remodelling in OA patients44. Also osteoclastic activity increases in
the subchondral bone of OA patients and correlates to cartilage
damage38.
The calciﬁed cartilage layer of articular cartilage transfers joint
forces at the cartilage-bone interface. Structural or molecular
alterations in this transitional zone induced by repetitive trauma,
could result in fragility that upsets the normal biomechanical
equilibrium that exists between cartilage and bone in healthy joints.
Consistent with previous investigations of both naturally occurring
and experimental OA2,3,11,45e47 crackswere observed in the calciﬁed
cartilage. Calciﬁed cartilage cracks have also been previously iden-
tiﬁed in equine C3 on microradiographs5 and SEM4,5 but have been
more extensively investigated in the palmar condyles of the meta-
carpal bones4,6,7. However, calciﬁed cartilage cracks have not, to our
knowledge, previously been related to OA cartilage disease severity
in naturally occurring repetitive impact OA.
It is very important to emphasize here that there is a debate
whether microcracks observed in the calciﬁed cartilage of decal-
ciﬁed specimens are processing artifacts or splits4,48,49. Bulk
staining of specimens with basic fuchsin50,51 or SEM4 has been
recommended to infer their presence in vivo. Yet, both here and in
a previous study investigating human OA decalciﬁed tissues45, few
cracks were located in normal appearing cartilage, whereas the
numbers increased signiﬁcantly with OA and were of a similar
magnitude in both studies. Furthermore, the numbers correlated
with the macroscopic extent of the disease. It is interesting that
Muir et al. compared the number of microcracks in the calciﬁed
cartilage, identiﬁed with bulk basic fuchsin staining, between
racing and non racing horses and revealed that they increased with
racing51. Scanning electron microscopic studies of equine calciﬁed
cartilage have also revealed that healing of microcracks occurs
through mineralization of the cracks and this provides deﬁnitive
evidence of their existence in vivo4,49,52. The cracks or splits weobserved may, at the very least, reﬂect fragility of this interface
tissue associated with the pathophysiology of disease and could be
a step in the pathway to post-traumatic OA resulting from repeti-
tive loading, but this remains to be elucidated. Future studies to
quantify cracks in calciﬁed cartilage in demineralised parafﬁn
sections of OA tissues with site-matched SEM studies would shed
further light on these issues.
We postulate that the focal microstructural bone resorptive
changes identiﬁed in the subchondral bone in the OA groups with
micro-CT are induced by repeated high compressive forces acting
on this dorsal site during athletic activity53 leading to accumulation
of calciﬁed tissue microdamage at this site. Although the study of
bone microcracks was not an objective of this investigation, some
calciﬁed cartilage cracks penetrated the subchondral bone.
A topographic relationship has previously been identiﬁed between
microcracks in the calciﬁed cartilage and sites of active remodeling
in human48 and equine7,8,52,54 OA bone. In experimental models of
impact trauma to the joint these changes have also been associated
with deterioration of the overlying hyaline articular cartilage2,55.
Combined these studies suggest a link between calciﬁed tissue
structural damage, bone remodeling and cartilage degradation.
It is well known that cyclic loading of bone causes linear
microscopic cracks in the matrix that may occur faster than the
bone’s capacity to repair them48 and induce focal targeted
remodeling47. Osteocytes sense these mechanical strains (reviewed
by Bonewald (2011))56 but also undergo apoptosis beside the linear
microcracks57e59 and may orchestrate remodelling. However Muir
reported no signiﬁcant reduction of osteocyte density in meta-
carpal bones of raced horses, despite a signiﬁcant increase in
microcracks, when compared to unraced animals51. It is likely that
the events we observe at the surface of equine joints share similar
features with microdamage stress remodeling that has been
studied for years in bone but is necessarily more complex due to the
interplay with overlying hyaline and calciﬁed cartilage in the
injury11,41,47.
Coalescence of the cracks and collapse of the calciﬁed cartilage
was also observed in more advanced OA in the present study.
Safranin O stained cartilage, was visible in the larger subchondral
bone pits and has also been observed previously in human45 and
equine23 tissues. These lesions are very similar to those shown by
Thompson et al., following single impact trauma in a canine
model2 and include collapse of the subchondral plate, the occa-
sional presence of cartilage in the defect and increased porosity of
the underlying bone. The observation of these focal islands of
cartilage in the bone in both human and animal OA tissues lends
M. Lacourt et al. / Osteoarthritis and Cartilage 20 (2012) 572e583 581credence to Sokoloff’s theory that calciﬁed cartilage microcracks
might induce an ineffective repair involving endochondral ossiﬁ-
cation in these tissues and could potentially contribute to disease
progression45.
C3 also frequently fractures at the site we investigated. The site
speciﬁc remodeling and porosity we observed may lead to a focal
weakness in the bone matrix that could facilitate fracture propa-
gation. A relationship between joint surface microdamage, stress
fractures and subsequent clinical catastrophic fracture through the
joint surface is postulated to exist in equine distal metacarpal
bones4,8,60. Muir (2008) has proposed that remodeling targeted at
microcracks may facilitate crack propagation by increasing porosity
of the subchondral plate and could also potentially be responsible
for the lesions we observed51. The bone pathology described here
supports the theory that C3 fractures may also be pathological
stress fractures41. Combined, the ﬁndings of these investigations of
different equine joints, suggest that racing and training of equine
athletes induces site speciﬁc accumulation of microdamage in the
calciﬁed tissues of the joints due to repeated high compressive
stresses7,8,51. Together, these events may lead to mechanical failure
of the joint surface. In addition to the structural injury, a parallel
cascade of cellular metabolic events likely occurs in the hyaline
cartilage and underlying bone similar to post-traumatic OA
(recently reviewed by Lotz 2010)61.
There are several limitations to this study. An important limi-
tation is that we studied a small number of bones. In addition,
a precise exercise or medication history was not available for the
animals. Consequently, as bone adapts to exercise, varying exercise
regimens could introduce variability in the bone parameters and
the changes observed could, in part, be due to exercise effects and
not exclusively to the OA process. Equally, if intraarticular medi-
cation such as corticosteroids had been administered, osteochon-
dral effects could arise either through pain alleviation and
increased usage or direct effects on bone62.
It is important to note that the specimens investigated here
were from young adult equine athletes alone and that the
pathology observed in both cartilage and bone are likely due to
loading history, and not related to age. Consequently, this is not
a model for primary human OA occurring in older human adults
where severe changes in the subchondral bone develop over many
years.
In conclusion, the current data reveals degeneration in hyaline
cartilage and calciﬁed cartilage associated with striking focal
microstructural changes deep in the underlying trabecular bone of
C3 in equine athletes undergoing repetitive compressive loads.
Bone porosity extended deeper into the bone with advancing
cartilage degeneration of the surface, probably due to continued
loading of the microdamaged tissue.
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